Experiments for soil freezing/thawing were conducted in two seasonally frozen agricultural 8 fields in northern China during 2011/2012 and 2012/2013 wintertime, respectively. Mass 9 balance was checked based on measured data at various depths. Simulation work was 10 conducted by combining CoupModel with Monte-Carlo sampling method to achieve 11 parameter sets with equally good performance. Uncertainties existed in both measurements 12 and model due to complexity in freezing/thawing processes as well as in surface energy 13 partitioning. Parameters related to surface radiation and soil frost were strongly constrained 14 with datasets available in two sites combining multi-criterion on outputs. Simulated soil heat 15 processes were better described than soil water processes given the data obtained for 16 calibration. Model performance was improved with consideration of solute effects on 17 freezing point depression. More detailed solute transport processes in CoupModel needed to 18 be improved by taking more processes such as diffusion and expulsion into consideration 19 based on more precise experimental results, to reduce uncertainty in model. Generally, 20 combination of measurement with process-based model and Monte-Carlo sampling method 21 provided an approach for understanding of solute transport as well as its influences on soil 22 freezing/thawing in cold arid agricultural regions. Incorporating more detailed descriptions of 23 processes for frozen soil in the model can be justified if uncertainties in measurements can be 24 reduced by introducing of high-precision novel technologies. 25 26
Introduction
Soil freezing and thawing processes has long been recognized for its importance in not 29 only engineering applications (e.g., construction of roads and pipelines) (Hansson et al., (1943) then formulated the relationship between soil temperature and freezing soil water However, there are large uncertainties in both experiments and models for soil freezing 96 and thawing due to the complexity of phase change and coupled processes. For example, the 97 measurement of liquid water content in frozen soil, the sampling of frozen soil, the 98 measurements of hydraulic and thermal properties for frozen soil could be difficult due to 99 limitations in technologies and in considering all effects on soil freezing/thawing (e.g., water, 100 heat, solutes, soil textures as well as boundary conditions). Meanwhile, the setup of model 101 always neglected some minor influences by taking the major one into consideration, e.g., the 102 assumption of thermo-equilibrium of soil freezing, the neglecting of solute dispersion and 103 expulsion in frozen soil, or even the neglecting of solute effects on freezing point depression, 104 etc. All these would pose uncertainties to the study on soil freezing/thawing in natural 105 conditions. To reduce uncertainties in both experiments and modeling, uncertainty analysis 106 method is always used by combining experimental data with numerical model to calibrate the 107 model for better representing reality. The generalized likelihood uncertainty estimation 108 (GLUE) technique (Beven and Binley, 1992) is the commonly used method for uncertainty 109 analysis in environmental modeling. 110 Instead of searching for an optimal parameter set, the GLUE method generates . 118 In models for soil water, heat and solute transport (e.g., CoupModel, HYDRUS, 119 SHAW), there are many parameters related to different coupled transport processes, also 120 including non-linear responses , especially when considering soil freezing/thawing and solute 121 transport. The parameters in these models are possible to measure with independent methods 2. Material and methods 141 2.1 Study sites 142 Studies were conducted at two experimental fields in north China, during 2011/2012, 143 and 2012/2013 wintertime, respectively. One site was located in Qianguo Irrigation District, 144 Songyuan, Jilin (Site NE) ( Fig. 1) . Annual precipitation in Site I was 451 mm and mean 145 monthly air temperature was 5.1 o C. The study site is typical for its soil texture of clay, which 146 has a high bulk density, low porosity, and low hydraulic conductivity ( Table 1) . The water 147 table in this area fluctuated between 1.5 and 2.0 m. Maximum frost depth in Site I was 1.2 m. 148 In Site I, six plots (2×2 m 2 , denoted as P1 to P6) were selected in an agricultural field, which 149 was cultivated with rice from May to October. On 2011/10/09, 20 mm NaBr solution 150 containing 6.5 g L -1 Brwas applied to six plots to form the initial profile for Br -. Before 151 spraying of the solution, stubbles were removed from the plots and surface was ploughed to 152 depth of 20 cm. Field experiment in Site I was conducted during 2011/2012 wintertime. 153 The other site was located in Hetao Irrigation District, Inner Mongolia, China (Site IM) 154 ( Fig. 1) . Annual precipitation in this site was 140 mm. Annual mean air temperature 6.4 o C. 155 Soil texture in this site is characterized as silt loam, with porosity of 0.42~0.46 and saturated 156 hydraulic conductivity of 3.84×10 -5 m s -1 . Water table was kept between 1.5 and 3 m for the 6 164 2.2 Experimental design 165 TDR probes with 15-cm long and three-rod (CS605) were installed in Site NE to detect 166 liquid water content. A datalogger (TDR 100; Campbell Scientific Inc.) was connected to the 167 probes and recorded daily water data. TDR probes were inserted horizontally into the soil pit 168 (10 m apart from the plots) from 5 cm to 100 cm with 10 cm interval. TDR probes were 169 calibrated in laboratory with unfrozen soil, and the precision was maintained within R 2 of 170 0.97. PT100 temperature sensors were installed at the same depth as TDR probes, and the 171 daily temperature data was also collected. During soil freezing/thawing, sampling was 172 conducted at 7 dates (2011/10/09, 2011/11/09, 2011/11/25, 2011/12/20, 2012/02/15, 173 2012/04/10, 2012/04/20), and soil samples from 5 to 100 cm with 10 cm interval were 174 collected for determining total water content and Brcontent. An electric drill (5 cm in 175 diameter, 10 cm in length) was used for sampling soil from depth to depth. Total water 176 content was determined by oven-dry method. Brcontent was determined by diluting 50 g 177 wet soil into 250 mL deionized water, and measuring the electrical potential (mV) using an 178 electrical potential meter (MP523-06). Then the electrical potential was converted into Br -179 concentration by a pre-calibrated relationship between Brconcentration and electrical 180 potential (R 2 =0.99). depth was measured for every 5 d, and the frequency was increased to every 1 d during the 188 autumn irrigation period (2012/11/4 to 2012/11/15). Meteorological data for two sites, e.g., 189 air temperature, humidity, radiation, wind speed, and precipitation, were obtained from the 190 nearest meteorological station with hourly-resolution. In seasonally frozen soil, the transport of water, heat, and solute in soil profile is coupled 194 with lower boundary (groundwater) and upper boundary (atmosphere) (Fig. 2) Heat flow in soil is described by the heat transport equation, considering conduction, 208 convection and latent heat flow:
where C is soil (containing solid, water, and ice) heat capacity (J m -3 o C -1 ); T is temperature In CoupModel, the freezing-point depression ( Fig. 3(a) ) is described as below: 
d are empirical constants,  is the pore size distribution index. 231 In saline frozen soil, ice formation does not start at 0 o C, but at freezing point of T is introduced with values below 0 (from -3 to 0 o C), the freezing point depression 237 will be like in Fig. 3(b) . 238 When calibrating the model in terms of freezing/thawing, parameter 0 T needs to be 239 determined with respect to salt influence on soil freezing/thawing. 240 As the influence of salt on freezing point is mainly dependent on the osmotic potential 241 of soil solution, a third relationship between freezing point and osmotic potential is built. the Nash-Sutcliff index was selected as a performance indicator to be used to reject non-269 behavioral simulations. This function is calculated as follows: In this work, we calibrated the model in two study sites using data from one winter 280 period within the GLUE framework, respectively. Since this study is to discuss the model 281 performance and parameter uncertainty for a process-based model in simulation of water, 282 heat and solute transport in frozen soils, we would focus more on the calibration of the model 283 instead of validation. 284 In a physically based model assuming possible variability between soil layers, around 285 100 parameters are used for simulation. However, for most parameters, they are not 286 necessarily to be calibrated according to the interest of the modeling work. Thus, in this 287 study, a set of parameters that show high sensitivities were selected for calibration, as shown 288 in Table S1 . These parameters were selected on the basis of one-parameter-at-a-time Changes of water and solute storage for different soil horizons showed typical patterns 310 ( Fig. 4) . Seven sampling dates at Site NE divided the whole experimental duration into six 311 periods. While at Site IM, 13 sub-periods were obtained by 14 sampling dates during the 312 experiment. At Site NE, water storage tended to increase from Period 1 to 5 ( Fig. 4(a) ), for 0-313 10, 0-40, and 0-100 soil zones, except for Periods 2 and 3, when water storage tended to 314 decrease for some zones. For Period 2, water storage decrease in 0-10 cm zone was mainly 315 due to evaporation loss because solute storage ( Fig. 4(b) ) in 0-10 cm zone of this period 316 increased. Besides, solute storage change in three zones during Period 2 were similar, which 317 meant that water and solute change in soil layer lower than 10 cm depth did not influence 318 water and solute storage change in 0-10 cm zone. 319 Similarly, in Period 3, water loss in 0-10 cm soil layer was also due to evaporation. In 320 Periods 4 and 5, water storage increased largely in soil profile, because of upward movement 321 of water under temperature and potential gradients during soil freezing. In Period 6, water 322 storage in 0-100 cm depth generally decreased, because in this period, soil was thawing, 323 evaporation, runoff would cause large amounts of water loss from soil profile. Solute storage 324 in Periods 5 and 6 showed less change or slight decrease due to loss of water from soil 325 profile. 326 Water storage at Site NE ( Fig. 4(c) ) generally increased for most periods, with Period 2 327 Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-507, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 28 November 2016 c Author(s) 2016. CC-BY 3.0 License. for exception. This was because Period 2 is the period when soil was going through extensive 328 evaporation for the fact that water storage at 0-10 cm depth decreased while solute storage 329 ( Fig. 4(d) ) at the same depth increased. Then during the whole winter, water storage in 0-100 330 cm soil depth kept increasing. Solute storage showed continuous increase in the whole 345 Most parameters show similar posterior ranges as the prior ranges (Table S1 ). Large 346 differences between prior and posterior ranges were detected for C md at Site NE, and for ψ eg , 347 s def , r a,max -1 , ψ a (1), ψ a (3), ψ a (4) at Site IM. The correlations between parameters were 348 normally low, showing that most of the parameters can be taken as independent (Table S1 ). were r a,max -1 , d 1 , z 0M,snow , C md , s k , r k1 , and they were connected radiation and evaporation 368 process (r a,max -1 , z 0M,snow , s k , r k1 ) and frozen soil heat process (C md , d 1 ). For Site IM, the six 369 sensitive parameters belonged to radiation and evaporation process (ψ eg , s def , r a,max -1 , r k1 ) and 370 soil water process (ψ a (1), ψ a (4)), respectively. These parameters showed very different 371 posterior distributions in comparison with the prior uniform distributions, and they showed 372 rapid increase in cumulative probability for certain part of the pre-set ranges. 373 When looking into the processes that were related to these parameters, it could be found 374 that radiation and evaporation process in both sites seemed to be more sensitive in 375 parameterization. For example, r a,max -1 and r k1 are two parameters accounting for windless 376 conditions and radiation estimations, respectively. The distributions of these parameters 377 indicated that the proper choice of parameter ranges and distribution related to soil 378 evaporation and radiation process would be of importance in obtaining high model 379 performance. Besides, due to the site-specified conditions in simulation, the specific 380 processes in each site should also be taken into consideration. For example, at Site NE, snow 381 and frost processes showed more sensitive feedbacks with model performance. At Site IM, 382 the water processes in soil and the surface energy balance needed to be taken into account 383 more carefully in calibration of model. 384 In second reason for the poorer performance in modeling water than in temperature was that the 400 water process in frozen soil is much more complex than heat transport, with ice formation, re-401 freezing and infiltration and drainage considered. These processes are actually influenced by 402 each and result in a high nonlinearity in the model. 403 The modeling of water and temperature in seasonally frozen soil was reported to have a 404 trade-off, because of the coupled relationships between water and heat transport processes 405 ( Fig. 7 shows the modeling results with selected variables in two sites. Uncertainties in 432 measurements and modeling results were added for better understanding of uncertainties in 433 calibration work. Soil temperature at 5 cm depth ( Fig. 7(a) Liquid water content at Site NE (Fig. 7(c) Fig. 7(f) ). In the model, drainage was described by combination of empirical with physical However, as could be detected from Fig. 8(a) , water storage was generally under-estimated 498 for different soil layers. This was in conflict with results from Brdynamics. Brwas added to 499 soil surface before freezing/thawing, and the original Brin soil could be neglected. The only 500 changes in Br-storage in each layer could be attributed to transport to or from adjacent soil 501 layers. At Site IM, the Clwas used as tracer. Spatial variability in Clcaused large 502 uncertainty in measured Clstorage at various depths ( Fig. 8(b) ). 503 As is known that, during soil freezing period the upward of water and solute was the . 525 CoupModel takes the freezing point of soil as 0 o C, which is not reasonable in most 526 agricultural soils because minerals commonly exist in agricultural fields. 527 In Fig. 10 and Fig. 11 , the sensitivity of model results to freezing point depression was properties were possible to constrained to a more narrow range based on the applied multi-566 criterion constraining soil temperature, liquid or total water content and groundwater table. is a parameter that represents the temperature difference between the air and the precipitation, (1 ) 
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